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ABSTRACT

The leeky Lamb wave (LLW) technique is agpproaching a maturity level tha is making it an
attractive quantitative NDE tool for composites and bonded joints. Since it was first observed in
1982, the phenomenon has been studied extensvely, particularly in composite materids. The lesky
wave is induced by obligue insonification using a pitchcatch arrangement, and the resulting modes
are acquired by identifying minima in  the reflected spectra. These modes are recorded in the form
of digperson curves, which are evaduated in relaion to andyticd data The wave behavior in multi-
orientation laminates has been wel documented and corroborated experimentaly with high
accuracy. The sendtivity of the wave to the dasgtic congtants of layered materids and to boundary
conditions enables the measurement of the eastic properties of bonded joints. Recently, the authors
ggnificantly enhanced the LLW data acquistion experimenta capability, sgnificantly increasng
the acquisition speed as well as the number of modes that can be identified. This cgpability grestly
increased the accuracy of the data inverson, improved the characterization of flavs and the
precticdity of the technique. Despite progress in the theoretical and experimenta aspects, methods
based on the oblique insonification of composdtes ae gill not used routindy in indudtrid
goplications. The authors investigated the possible causes that are hampering the trangtion of the
LLW to indudtrid applications and identified 4 key issues. The recent experimentd devel opment
and the issues affecting the trangtion of the technique to practica use are described in this paper.
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INTRODUCTION

The high diffnessto-weight ratio, low dectromagnetic reflectance and ability to embed sensors
and actuators have made fiber-reinforced composites an atractive condtruction materid for
primary arcraft dructures. These materids condst of fibers and a polymer matrix that are
gtacked in layers and then cured. A limiting factor in the widespread use of composites is their high
cost. Composite parts are about an order of magnitude more expensve than metalic parts and
gpproximately 30% of this codt is for ingpection. This large portion of the tota cost makes the need
for effective ingpection criticd not only for operational safety but dso for the cost effectiveness of
these materids [Bar-Cohen, et d, 1991]. As we approach the new millennium, it is interesting to
bookmark the chalenges to NDE of composite materids and they include the following:

Defect Detection _and Characterization: Throughout their life cyde compostes are

susceptible to the formation of many possble defects primarily due to their multiple step

production process, their non-homogeneous nature and brittle matrix. These defects include

delaminations, matrix cracking, fiber fracture, fiber pullout, incdusons, voids, and impact-

damage. Table 1 shows some of the defects that may gppear in composte laminates and

thelr effect on the sructura performance.  While the emphasis of most practicadl NDE is on




detection of ddaminations, porogity and impact damage, Table 1 shows that other defects
can dso have critica effect on the host Structures.  Therefore, it is essentid to be able to
characterize the flaws in order to determine their degradation effect on the integrity of the
structure.

TABLE 1. Effect of defectsin composite materias

Defect Effect on structurd performance
Deamination | Catastrophic failure dueto loss of interlaminar shear strength. Typical
acceptance criteria require the detection of delaminations with alinear
dimension larger than 6.4-mm (0.25-in).
Impact Loss of compressive strength under static load
damage Eadly visble damage can cause 80% loss
Barely visible damage can cause 65% loss
My gap Strength degradation depends on stacking order and location. For [0,45,90,-45]2s
lamingate;
- 9% drength reduction due to gap(s) in 0° ply
- 17% reduction due to gap(s) in 90° ply
Ply waviness | - Strength loss can be predicted by assuming loss of load-carrying capability.
- For 0° ply wavinessin [0,45,90, -45] »slaminate, static strength reduction is
- 10% for dight waviness
- 25% for extreme waviness
Fatigue lifeis reduced at least by afactor of 10
Porosity Degrades matrix dominated properties
1% porosity reduces strength by 5% and fatigue life by 50%
- Increases equilibrium moigture leve
- Aggravates thermd- spike phenomena
Surface - Locd ddlamination at notch
notches . Static strength reduction of up to 50%
- Strength reduction is smdl for notch szesthat are expected in service
Thermd Matrix cracking, delamination, fiber debonding and permanent reduction in glass
Over- trangition temperature
exposure

Characterization _of Material Properties: Production and service conditions can cause
property degradation and sub-standard performance of primary structures. Sources for such
degradation can be te use of a wrong condtituent (fiber or matrix), excessve content of one
of the condituents (resin rich or starved), wrong stacking order, high porosity content, micro-
cracking, poor fiber/resn inteface aging, fire damage, and excessve environmenta/
chemical/radiation exposure. Current destructive tests using representative coupons are costly,
and they do not provide direct information about the properties of the Structure.

Rapid Large Area Inspection: Impact damage can have critica effect on the capability of
compodite dructures to operate in service. This critica flaw type can be induced a anytime
during service life anywhere on the structure and it requires detection as soon as possble
rather than waiting for the next scheduled maintenance phase. Using conventional NDE for




the assurance of the dructura integrity can be very expensive, and it takes the aircraft out of
its main misson. Since impact damage can appear anytime and anywhere on the sructure,
there is a need for a low-cost system that can be used to rapidly inspect large aress in fidd
conditions. The use of robotic cravlers can potentidly offer an effective platform for rgpid
ingpection of composite structures [Bar-Cohen and Backes, 1999].

Real-Time Health Monitoring: Structuraly integrated health monitoring systems are needed
to reduce the rate of periodic ingpections requiring the tempord withdrawal of arcraft from
savice. Fundamentdly, such hedth monitoring sysems emulate biologicd sysems where
onboard sensors track sructura integrity throughout the life cycle. Such systems can monitor
changes in the characteridtics of criticd parameters and activate an darm when certain vaues
have been exceeded. Several concepts have been pursued in recent years, including the
application of optical fibers, however no such system yet existsin service,

Smart_Structures: The avallability of compact actuators, sensors and neurd networks has
made it possble to develop dructures that sdlf-monitor ther integrity and use actuators to
avoid or respond to thrests. Changes in environments or service conditions can be
counteracted by an adequate combination of actuators and sensors that change the conditions
and/or dampen the threat. Sensor fusion, neurd networks and other artificid intdligence
capabilities may be used to quickly evoke the most effective response. An example of the
application of smart structures is the reduction of vibrations that lead to fatigue damage. The
data would need to be evauated in relaion to a finite dement modding andyds to determine
the possible effect of the detected anomaly on the structure.

Residual _Stresses: Current dtae of the at does not provide effective means of a
nondestructive determination of resdud stresses in composite materids, and technology is
needed to detect and relieve such residua stresses.

Weathering and Corroson Damage: Compostes that are bonded to metds are sengtive to
exposure to sarvice fluids, hygrotherma condition a eevated temperatures, and corroson.
Particular concern arises when duminum or sted dloys are in direct contact with composites
that consst of graphite fibers or carbon matrix. QGaphite is cathodic to duminum and sed

and therefore the metal, which is ather fastened or bonded to it, 5 eroded. In the case of
grephite/epoxy the metd deteriorates, whereas in the case of graphite/polyimide defects are
induced in the compodte in the forms of microcracking, resin removd, fiber/matrix interface
debonding and bligter (eg. ddaminations). The level of degradation of composte materias
exposad to a sarvice environment depends on the chemicad sructure of the polymer matrix.

In thermoset compodtes, the epoxy absorbs moisture and loses its therma sability as a
matrix in a reversble plagicisation process. On the other hand, thermoplastics are
susceptible to the effects of arcraft fluids such as cleaning fluids, paint gripping chemicals
and fud. Imide polymers are sendtive to strong base producing amid acid sdts and
amides, and their degradation rate is determined by such parameters as the temperature,
dress, and humidity. The drength of the materia deteriorates & an exponentid rate,
however annealing can reduce the degradation rate.

Generdly, NDE methods are used to determine the integrity and gtiffness of compodte Structures.
While information about the integrity and diffness can be extracted directly from NDE
measurements, strength and durability can not be measured by such methods because they are not
physcdly messurable parameters.  For many years, the multi-layered anisotropic nature of
composites posed a chalenge to the NDE research community. Pulse-echo and through-



tranamisson are ill the leading sandard NDE methods of determining the quality of compostes.
However, these methods provide limited and mostly quditative information about defects and
material properties. The discovery of the lesky Lamb wave (LLW) [Bar-Cohen & Chimenti, 1984]
and Polar Backscattering [Bar-Cohen & Crane, 1982] phenomena in composites offered effective
NDE techniques, and progress in the fidd enabled dgnificant quantitetive capability. These
obliquely insonified ultrasonic wave techniques were sudied both experimentaly and anayticaly
by numerous investigators [eg., Ma & Bar-Cohen, 1988, Nayfeh & Chimenti, 1988, and Dayd &
Kinra, 1991]. These dudies led to the development of effective quantitative NDE methods for the
determination of eagtic properties, accurate charecterization of defects and even for the
determination of the qudity of adhesively bonded joints [Bar-Cohen, et a, 1989]. In spite of the
progress that was made both theoreticdly and experimentdly, oblique insonification techniques
have not yet become standard industridl NDE methods for composite materids. Pardle to the
devdopment of the andytica capability, jointly with Ma from UCLA [Md, 1988], extensve
efforts have been made to enhance the LLW experimental capability and the progress is reported in
this manuscript.  The authors investigated the possible causes that are hampering the trangtion of
the LLW technique to practicd NDE and address key issues that are associated with the

experimenta cgpability.

LEAKY LAMB WAVE PHENOMENON

The lesky Lamb wave (LLW) phenomenon is induced when a pitch-catch ultrasonic setup
insonifies a plate-like solid immersed in fluid. This phenomenon was discovered while teting a
composite laminate usng Schlieren imaging sysem (see Figure 1) [Bar-Cohen, et d, 1993]. The
phenomenon is associated with a resonant excitation of plate waves that leek waves into the
coupling fluid and interfere with the specular reflection. The lesky waves modify the reflection
gpectrum, introducing a series of minima produced by dedructive interference a  specific
frequencies between the lesky wave and the specular reflection. The LLW experimentd
procedure involves a measurement of the reflections and extraction of the dispersve spectrd
characterigtics & various angles of incidence and a severa orientations (polar angles) with the
laminate fibers. The data is presented in the form of disperson curves showing the LLW modes
phase veocity (cdculated from Snell's lawv and the angle of incidence) as a function of the
frequency.

Bar-Cohen and Chimenti [1984] investigaeted the characteristics of the LLW phenomenon and its
goplication to NDE. The investigators concentrated on the experimental documentation of observed
modes and the effect of defects. Ther sudy was followed by numerous theoretical and
experimentd invedtigations of the phenomenon [eg., Nayfeh & Chimenti, 1988, Md & Bar-Cohen,
1988, and Daya & Vikram, 1991]. A method was aso developed to invert the eastic properties of
unidirectional composite laminates from the LLW disperson data [Md, 1988; and Md & Bar-
Cohen, 1988] and the study was expanded to the NDE of bonded joints [Bar-Cohen, et a, 1989].

The experimental acquisition of disperson curves for composite materials requires accurate control
of the angle of incidencelreception and the polar angle with the fibers. To peform these
measurements rapidly and accurately a specidly designed LLW scanner was developed by the
principa author [Bar-Cohen, et al, 1993]. With the aid of a persona computer, this scanner (made
by QMI, Costa Mesa, CA) controls the height, angle of incidence and polar angle of the pitch-catch
setup. The LLW scanner manipulates the angle of incidence/ reception smultaneoudy while



maintaining a pivot point on the part surface. A view of the LLW scanner indaled on a Gscan
unit is shown in Fgure 2. A computer code was written to control the incidence and polar angles,
the height of the transducers from the sample surface, and the transmitted frequency. In prior
dudies, the data acquigtion involved the use of sequentialy transmitted tone-bursts a single
frequencies over a sdected frequency range (within the 20dB levd of the transducer pair). The
reflected sgnas are acquired as a function of the polar and incidence angle and are saved in a
file for andyss and comparison with the theoretical predictions. The minima in the acquired
reflection spectra represent the LLW modes and are used to determine the digperson curves
(phase veocity as a function of frequency). The incident angle is changed incrementdly within
the sdected range and the reflection spectra are acquired.  For graphite/ epoxy laminates the
modes are identified for each angle of incidence in the range of 12° to 50° dlowing the use of
free-plate theoreticd cdculations At each given incidence angle the minima are identified,
added to the accumulating disperson curves, and plotted Smultaneoudy on the computer
display. While the data acquidtion is in progress, the acquired minima are identified on both the
reflection spectra and the dispersion curves.

INCIDENT BEAM
= 199 F = 2.6 MHz

d =11 mm
;= 189 F = 2,38 MMz

FIGURE 1 A Schlieren image of the LLW phenomenon showing a tone-burst before (right) and
after impinging on the graphite/epoxy laminate.

A follow-on study by Bar-Cohen, et d, [1993] showed that the capability to invert the dastic
properties usng LLW data is limited to the matrix-dominated diffness constants.  This limitation
can be partidly overcome if the incidence angle can be induced at less than 10°, but this is difficult
if not impossible to achieve in a practicd experiment. An dternative methodology based on pulsed
ultrasonics was developed by Bar-Cohen, Mda and Lih [1993]. Using pulses in pitch-catch and
pulse-echo experimenta arrangements and assuming that the materid is transversdy isotropic and,
it was shown that dl five dagtic congtants can be determined fairly accuratdy. A parametric study
was conducted and the expected error was determined for the various determined congtants in
relaion to experimenta errors. It was dso shown that the stiffness congant, G, that is the most
sendtive to defects, is criticdly sengtive to dignment errors in the incident and polar angles. While
the developed capability allowed measuring disperson curves to support the anaytical efforts, the
process has Hill been dow, and there were difficulties identifying modes associated with minima
that are less than about 4% below the adjacent sgnd.



FIGURE 2: A view of the LLW scanner (bridge right side) ingtdled on the JPL's C-scan system.

RAPID LLW DISPERSION DATA ACQUISITION
Extengve sudies of compodtes by the authors and their colleagues led to the identification of a
series of deficdencies that affect inverson rdiability and the trangtion of the technique to
practical applications. Their recent efforts concentrated on the enhancement of the speed of the
data acquistion and the number of modes that can be identified in a LLW expeiment. A
schemdtic view of the test system is shown at the center of Figure 3.
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FIGURE 3: A schematic view of the LLW test
sysem.
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Since the process of acquiring the spectrum was identified as time consuming with a series of
redundancies, the transmitted sgnas were modified to FM modulated pulses that are induced
sequentidly  within the required spectral  range. The specific 9gnd consged of a time-
dependent voltage function V(t) that is amplified and transmitted a an induced frequency f(t)

fO)="f" @Q+k)™

where fo is initid frequency and the condants ki, ko are the frequency parameters related to time
for sampling.



A trigger based on the sdected time frame is tranamitted to synchronize the reflected sgnds on
the data acquistion scope, and the time doman sgnd is converted to spectrd data using the
above equation. The function generator adso provides a reference frequency marker for the
cdibration of the acquired data when converting the dgnad from time to frequency domain. A
digitd scope is used to acquire the reflection spectrd data after being amplified and rectified by
electronic hardware. The signds that are induced by the transmitter are received, digitized,
processed and andyzed by a personal computer. The reflected spectra for each of the desired
angles of incidence is digplayed on the monitor, and the locationsof the minima (LLW modes)
are marked by the computer on the reflection spectrum. The agorithm used to identify the
minima was modified to employ reidbly smdler leve sgnds, which are associated with more
diffused modes. The identified minima are accumulated on the disperson curve, which is
shown on the lower part of the display (see Figure 4).
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OPTIMAL ADJUSTMENT OF TRANSDUCERS HEIGHT

It should be noted that during the Lesky Lamb Wave (LLW) experiments, the height of the pair
of transducers is an important issue.  In order to obtain the best results, the crossing point of the
beam from the two transducers must fal on the surface of the specimen. If this point is placed
outsde the surface, the contrast of the minima to the adjacent data points becomes wesker as
shown in Figure 5a In such a case the identification of the minima becomes more difficult and
increesngly inaccurate.  To adjust the height of the transducers precisdy and efficiently, an
dgorithm was developed and implemented into the computer control program of the LLW
expaiment. The dgorithm optimizes the contrast of the minima by determining the maximum
variance of the derivation of the reflection spectrum using adaptive adjustment of the transducer
par height.

V._ﬂV(f) »V(fiﬂ)-V(fi)
B i Df

Using this dgorithm interactively with the LLW setup controller, an optima and fine-tuned
height of the transducer pair was identified automaticaly, and an example is shown in Figure 5b.
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FIGURE 5A: "Out of focus' LLW reflection
oectrum.

The use of the FM modulation and automatic optima adjusment of the transducers height
ggnificantly increased the speed and accuracy of acquiring LLW disperson curves. To compare
performance, 20 different angles of incidence were acquired in gpproximately 45 seconds as
opposed to over 15-minutes usng the former approach. A pre-programmed agorithm based on
the Simplex inverson methodology was used to extract the diffness congtants  Once the
dispersion data was acquired, the inverson option of the software was activated and the eadtic
diffness congtants were determined as shown in Figure 4. Typicd LLW disperson data and
inverted results for a unidirectiona graphite/epoxy plate are dso shown n Figure 4 for AS4/3501-6
with a polar angle (i.e, the direction of Lamb wave propagation) of @. The reflected spectrum for
39.9° incident angle is shown at the top of this Figure, and the accumulating dispersion curves are a
the bottom. The inverted eadic and giffness congtants are given at the left.  Using a system with
this enhanced capability, various defects can be detected and characterized rapidly based on the
ggnaiure and quantitetive data that is avalable from the disperson curves. In Figure 6a, the
response from a defect-free graphite/epoxy laminate tested at the Odegree polar angle is shown.
In Figure 6b, the response from an area with a layer of smulated porosty (microbdloons) is
presented. As expected, at low frequencies the porosity hes a reativdy smdl effect and the
disperson curve appears Smilar to the one on Figure 6a  On the other hand, as the frequency
increases, the porogty layer emulates a delamination and modifies the disperson curve to appear
the same as hdf the thickness laminate.

FIGURE 5B: Optimized reflection goectrum
using adaptively adjusted transducers pair height.
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FIGURE 6a: Therefection at 39.9 degrees
incidence angle and the dispersion curve for
a Gr/Ep [0]24 laminate with no defects

FIGURE 6b: The response at adefect area
where porosity was smulated at the middle

layer.



To demongrate the cepability of the LLW method to characterize materids degradation of
composites, a sample made of AS4/3501-6 [0],4 laminate was tested after it was subjected to heat
treament. The sample was exposed to a heat ramp from room temperature to 480° F for 15
minutes, and then was taken out of the oven to cool in open air a room temperature. The sample
was tested at a specific location before and after heat trestment. The measured dispersion curves
are shown in Figure 7. It can be seen that there are distinct differences in the disperson data for
the specimen before and after heat treatment. Since the heat damage occurs mostly in the matrix,
the effect is expected to be more pronounced in the matrix-dominated gtiffness congtants. The
constants i1, Ci2, G2, C23 and Css Obtained from the inversion process are 127.9, 6.32, 11.85, 6.92
and 7.43 GPa, before heat treatment, and 128.3, 6.35, 10.55, 6.9 and 7.71 GPa, after heat
treetment. The mogt naoticeable and dgnificant change is in the diffness congant ¢y, which is
the property most sendtive to vaiations in the matrix resulting in a reduction in the transverse
Y oung's modulus.
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DISPERSION CURVE WITH ENHANCED MODE IDENTIFICATION

To enhance the accuracy of the inverson of the materid giffness condtants, a method was
developed to acquire disperdon curves and display them as shown in Figure 8. In this Figure a
3.125 mm unidirectiond laminaie was tested in the polar angle dong the fibers. This method
was found to dlow viewing modes with amplitude levels tha are sgnificantly smdler than ever
before observed. The bright curved lines show the modes on the background of the reflected
spectra.  Methods of extracting the modes were investigated using image processing operators
and neurd network procedures. Once the curve of a specific mode is determined, it is
tranformed to actud frequency vs. velocity data and then inverson is applied. Usng this
capability, the unidirectiond laminate was dso tested dong the 90° polar angle. As can be seen
in Figure 9 modes that would otherwise be conddered noise are clearly identified. To
demondrate this cgpability further a 1.6 mm aduminum plate was tesed in the low frequency
region near the firg symmetric and antisymmetric modes. As shown in Figure 10 the portion of
the mode that is amog pardle to the frequency axis is identified offering a cgpability that was
previoudy very difficult when analyzing Sgnds in the conventiond single frequency method.



FIGURE 8: A view of an
imaging method of presenting
LLW digperson curve for
unidirectional Gr/Ep dong the
fibers.

FIGURE 9: A view of the
dispersgon curve for the laminate
shown in Figure 8 along the 90°

polar angle.

FIGURE 10: A view of thefirg
symmetric and antisymmetric
modes using disperson curve
graphica presentation.
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ISSUES AFFECTING THE TRANSITION OF LLW TO PRACTICAL USE

Lesky Lamb waves behavior in composites have been sudied extensvely both andyticdly and

experimental since their discovery 17 years ago. However, despite successful results, the technique

is dill not being used for practicd NDE. The authors examined the causes that may hamper the
trangtion of the LLW method to standard NDE gpplication and have identified the following
possible key issues.

1. Maerid dendty - The inverted materia congtants are based on the assumption that the materid
dengty is known. This assumption may not be correct, particularly in the presence of flaws.
NDE measurement of the materid density can be done by radiographic testing. However, such
tests are not economica and require access from two sides of the test dructure. An dternative
method of measuring the dendity is needed.

2. Multi-orientation laminates - The inverson dgorithm developed for the determination of the
eadic propeties has been very successful for unidirectiond laminates. The andyss of
laminates with multi-orientation layers usng ply-by-ply anadysis is complex and leads to ill-
posed results. Methods of inverting the materid eastic properties without the necessity to ded
with individud layers are needed and are currently being explored.

3. Complex data acquisition - The LLW data acquisition setup is complex, and the related process
is not us friendly. The authors have sgnificantly improved the data acquistion process by
automating the process d digning the height of the satup as discussad in this manuscript.  Also,
the polar angle is set using the polar backscattering technique [Bar-Cohen and Crane, 1982] to
determine the direction of the fira layer. User friendly control software operating on a Widows
platform is beng deveoped to dlow interactive software control, minimizing the need for
manua setup aignment.

4. Time-consuming process - The formerly reported process of acquiring dispersion curves was
time consuming, taking between 10 and 2 minutes to acquire a curve for a angle point on a
composite material. As reported in this manuscript, recent developments by the authors alow
measuring disperson curves a asgnificantly higher speed in fractions of a minute.

Usng this new capability, various defects can be detected and characterized based on their
disperson curve sgnature. Further, the increased speed of dispersion data acquistion offers the
capability to produce C-scan images where vaiaions in individud giffness condants can be

mapped.

CONCLUSIONS

The lesky Lamb wave (LLW) method has been sudied by numerous investigators who have
contributed  dgnificantly to the underganding of wave behavior in anisotropic materids.
However, despite progress and the researchers success, the LLW method is Hill far from being
an acceptable sandard NDE method. The authors investigated the potential issues that are
hampering this trangtion to practicd NDE and identified 4 key issues @) The need to determine
the dendty nondedtructively usng access from a sngle sde b) An inverson technique of
determining the dadtic diffness goplicable to multi-layer composites when treated in terms of
globa properties, ¢) Lack of a user friendly data acquisition process, and d) Need for a faster
process of data acquidtion. The authors have made sgnificant progress in the smplification of
the data acquigtion process and the speed of acquidtion, with some progress being made in
dedling with cross-ply and quas-isotropic laminates. The inability to messure materid dengty
with an NDE tool usng access from a sngle sde of a laminate is gill consdered an unresolved
issue and will require further research.
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